Significance StatementIn this article, we provide a detailed account of the preclinical animal studies that demonstrated efficacy and safety of an oligodendrocyte progenitor cell therapy product currently in clinical testing in the U.S. for patients with cervical spinal cord injury (SCiStar clinical trial). Disclosure of this work is important not only because it documents the supporting data that led to initiation of the SCiStar clinical trial, but also because it provides examples of the kinds of preclinical testing that should be considered for future pluripotent stem cell‐based therapies that target neurological injury and disease.

Introduction {#sct312208-sec-0002}
============

The pathophysiology associated with spinal cord injury (SCI) involves a complex cascade of events including edema, hemorrhage, inflammation, severing of axons, parenchymal cavitation, and loss of myelin‐producing oligodendrocytes [1](#sct312208-bib-0001){ref-type="ref"}, [2](#sct312208-bib-0002){ref-type="ref"}, [3](#sct312208-bib-0003){ref-type="ref"}, [4](#sct312208-bib-0004){ref-type="ref"}. The clinical outcome of SCI typically involves severe functional impairment, including limb paralysis, aberrant pain signaling, and loss of bladder and sexual function [5](#sct312208-bib-0005){ref-type="ref"}. Given the complex milieu of cellular events that underlie these functional impairments, effective treatment of SCI likely will require combinatorial approaches or therapies with multiple mechanisms of action.

AST‐OPC1 (formerly GRNOPC1) is a cell therapy product comprised of oligodendrocyte progenitors (OPCs) that was originally differentiated from the H7 human embryonic stem cell (hESC) line [6](#sct312208-bib-0006){ref-type="ref"}. Subsequent to early preclinical studies, AST‐OPC1 has been produced from the H1 hESC line for all preclinical testing and clinical development. AST‐OPC1 expresses early stage OPC markers, such as nestin, neural/glial antigen 2 (NG2/CSPG4), and platelet derived growth factor receptor alpha [7](#sct312208-bib-0007){ref-type="ref"}, and is produced by a commercially scalable process that has been independently replicated by multiple groups [8](#sct312208-bib-0008){ref-type="ref"}. In vitro and in animal models, AST‐OPC1 has exhibited several activities relevant to central nervous system (CNS) repair, including neurotrophic factor secretion [9](#sct312208-bib-0009){ref-type="ref"}, [10](#sct312208-bib-0010){ref-type="ref"}, stimulation of axon outgrowth [6](#sct312208-bib-0006){ref-type="ref"}, suppression of parenchymal cavitation [10](#sct312208-bib-0010){ref-type="ref"}, [11](#sct312208-bib-0011){ref-type="ref"}, maturation into myelin producing oligodendrocytes [6](#sct312208-bib-0006){ref-type="ref"}, [10](#sct312208-bib-0010){ref-type="ref"}, and enhancement of motor behavioral recovery post‐SCI [11](#sct312208-bib-0011){ref-type="ref"}, [12](#sct312208-bib-0012){ref-type="ref"}.

We recently reported the preclinical safety testing of AST‐OPC1 in thoracic SCI [10](#sct312208-bib-0010){ref-type="ref"}, which, in conjunction with efficacy testing [6](#sct312208-bib-0006){ref-type="ref"}, [11](#sct312208-bib-0011){ref-type="ref"}, led to initiation of a phase I clinical trial for patients with sensorimotor complete thoracic SCI. Initial testing of AST‐OPC1 in thoracic SCI was based on a more favorable risk/benefit assessment relative to cervical SCI, including animal safety data that confirmed a minimal risk of administered cells migrating to the brain and causing potential unwanted side effects. Concurrent with the initiation of clinical testing of AST‐OPC1 in thoracic SCI, preclinical studies exploring the efficacy and safety of AST‐OPC1 administration into the cervical spinal cord were conducted.

Development of AST‐OPC1 as a treatment for cervical SCI was based on multiple considerations. Relative to thoracic SCI, which accounts for approximately 35% of clinical SCI cases in the U.S., the majority of SCI cases (54%) occur at the cervical level, affecting over 9,000 individuals annually (NSCISC. 2016 Facts and Figures at a Glance). Because the functional deficits associated with cervical SCI typically involve the arms and hands, rehabilitative therapies largely focus on regaining motor skills in the arms, fingers, and hands [5](#sct312208-bib-0005){ref-type="ref"}, thus providing more defined efficacy endpoints that can substantially improve quality of life. Finally, a cervical lesion is potentially more conducive to regeneration given that affected white matter is closer to the neuronal cell bodies of origin, and subsequent axonal outgrowth could be stimulated by AST‐OPC1 secretion of neurotrophic factors such as midkine [9](#sct312208-bib-0009){ref-type="ref"}, [13](#sct312208-bib-0013){ref-type="ref"}.

Here we report the efficacy and safety testing of AST‐OPC1 in a nude rat model of cervical SCI. For these studies, we used a previously established unilateral contusion injury model [14](#sct312208-bib-0014){ref-type="ref"}, [15](#sct312208-bib-0015){ref-type="ref"}, [16](#sct312208-bib-0016){ref-type="ref"}, [17](#sct312208-bib-0017){ref-type="ref"}, [18](#sct312208-bib-0018){ref-type="ref"} to allow assessment of AST‐OPC1 in the context of a white matter lesion and with resulting motor behavioral deficits predominantly restricted to the ipsilateral forelimb, thus providing within‐subject controls (i.e., the contralateral forelimb) and tracking of behavioral recovery that is potentially meaningful to patient outcome [5](#sct312208-bib-0005){ref-type="ref"}. To assess efficacy, motor behavioral recovery was measured using the TreadScan system followed by histological examination of the injury/graft site. To assess safety, we performed biodistribution and toxicology studies in accordance with current Good Laboratory Practices (cGLP), examining AST‐OPC1 engraftment and migration within the CNS and whether any unwanted side effects were detected.

Together the efficacy and safety data reported here were submitted to the U.S. Food and Drug Administration (FDA) as part of an Investigational New Drug (IND) amendment for AST‐OPC1, proposing its advancement in clinical testing to cervical SCI. Based on these results, in combination with previously published preclinical efficacy and safety data [6](#sct312208-bib-0006){ref-type="ref"}, [10](#sct312208-bib-0010){ref-type="ref"}, [11](#sct312208-bib-0011){ref-type="ref"}, [12](#sct312208-bib-0012){ref-type="ref"}, and a favorable safety profile obtained from the AST‐OPC1 thoracic SCI clinical trial [19](#sct312208-bib-0019){ref-type="ref"}, a phase I/IIa clinical trial sponsored by Asterias Biotherapeutics was initiated in the U.S. in 2014, testing the direct intraspinal cord administration of AST‐OPC1 in patients with sensorimotor complete cervical SCI.

Materials and Methods {#sct312208-sec-0003}
=====================

Please see the Supporting Information Materials and Methods for additional methodology details.

Animal Subjects {#sct312208-sec-0004}
---------------

All procedures used in this study were approved by a board‐certified veterinarian and the Geron IACUC committee and were conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. Adult athymic nude rats (strain Crl:NIH‐*Foxn1^rnu^*) were used for all studies.

Differentiation of AST‐OPC1 From hESCs {#sct312208-sec-0005}
--------------------------------------

The WA01 (H1) hESC line was expanded in feeder‐free conditions [20](#sct312208-bib-0020){ref-type="ref"}, [21](#sct312208-bib-0021){ref-type="ref"} and differentiated into AST‐OPC1 according to published methods [10](#sct312208-bib-0010){ref-type="ref"} and as described in the Supporting Information Materials and Methods. All studies were performed using cryopreserved and thawed AST‐OPC1 cells, in accordance with their use in the subsequent cervical SCI clinical trial.

Cervical SCI {#sct312208-sec-0006}
------------

Adult female nude rats were subjected to a unilateral cervical spinal cord contusion injury at level C5 using the Infinite Horizons Impactor (Precision Systems & Instrumentation, Fairfax, VA, [www.presysin.com](http://www.presysin.com)) set at a force impact of 250 kilodynes for efficacy testing (severe injury) or 150 kilodynes for biodistribution and toxicology testing (moderate injury), as described previously [22](#sct312208-bib-0022){ref-type="ref"} and in the Supporting Information Materials and Methods.

AST‐OPC1 Transplantation in Injured Nude Rats {#sct312208-sec-0007}
---------------------------------------------

One week (7 ± 1 day) after cervical SCI, AST‐OPC1at 2.4 × 10^5^ cells per rat (efficacy dose, 2.4 µl single injection) or 2.4 × 10^6^ cells per rat (maximum feasible dose, 4 × 6 µl injections) or equivalent volumes of vehicle (Hanks\' Balanced Salt Solution, HBSS) was injected directly into the spinal cord parenchyma adjacent to the injury site using a Hamilton microsyringe and stereotaxic frame. Additional details and rationale for the transplantation strategy are provided in the Supporting Information Materials and Methods.

Assessment of Locomotor Performance with the TreadScan System {#sct312208-sec-0008}
-------------------------------------------------------------

Prior to injury, and at 1, 2, and 4 months post‐transplantation of AST‐OPC1 or vehicle, rats were assessed for locomotor function using the TreadScan system (Clever Sys, Inc., Reston, VA, [cleversysinc.com](http://cleversysinc.com)) according to the manufacturer\'s guidelines and as described in the Supporting Information Materials and Methods and Supporting Information Table 1.

Animal Perfusion and Histology {#sct312208-sec-0009}
------------------------------

Spinal cord and brain tissues were collected at autopsy and processed by formalin fixation and paraffin‐embedding for subsequent hematoxylin and eosin (H&E) staining, in situ hybridization (ISH), and immunohistochemistry (IHC). To identify myelinated fibers within the spinal cord, tissues were stained with Eriochrome cyanine (EC) solution and counterstained with Eosin‐Y. All animals that received AST‐OPC1 transplantation were assayed for the presence of human cells in the spinal cord by ISH with a human ALU (hALU) DNA repeat sequence probe (Cat. \# Q151P.9900, Thermo Fisher Scientific, Waltham, MA, <http://www.thermofisher.com>). Parallel tissue sections were stained by IHC for Ki67 (Cat. \# ab833, Abcam, Cambridge, MA, <http://www.abcam.com>) using standard methodology.

Cavitation Area Measurements in the Injured Spinal Cord {#sct312208-sec-0010}
-------------------------------------------------------

Measurements of maximal cavitation area were performed on EC‐stained spinal cord tissue sections by an investigator who was blinded to the treatment groups. For each animal, all longitudinal cervical spinal cord tissue sections containing the injury site were assessed, and the tissue section containing the maximal lesion area was quantified using ImageJ software (NIH, Bethesda, MD) and JMP 11 (SAS, Cary, NC, <http://www.jmp.com>).

Biodistribution of Transplanted AST‐OPC1 by Histology and Quantitative PCR {#sct312208-sec-0011}
--------------------------------------------------------------------------

For both biodistribution studies, adult female nude rats were subjected to cervical SCI and transplantation surgeries as described above, and tissues were then assessed histologically by ISH or by PCR at 2 days, and 3, 6, and 9 months post‐transplant.

Clinical and Toxicological Assessments of AST‐OPC1‐Treated, Contused Rats {#sct312208-sec-0012}
-------------------------------------------------------------------------

Toxicology studies of AST‐OPC1‐treated, female athymic nude rats were performed at MPI Research (Mattawan, MI, <http://www.mpiresearch.com>) in accordance with cGLP. In‐life observations were conducted for 9 months followed by full necropsy and histopathology evaluations of spinal cord and brain by a board‐certified veterinary pathologist who was blinded to the treatment groups.

Allodynia Measurements in AST‐OPC1‐Treated, Contused Rats {#sct312208-sec-0013}
---------------------------------------------------------

As part of one toxicology study, at both 4 and 8 months post‐transplantation, subjects were evaluated for allodynia or hypersensitivity in response to normally non‐noxious warm or cold stimuli [23](#sct312208-bib-0023){ref-type="ref"}.

Results {#sct312208-sec-0014}
=======

Efficacy of AST‐OPC1 in the Nude Rat Cervical SCI Model {#sct312208-sec-0015}
-------------------------------------------------------

To measure motor behavioral recovery after cervical SCI, we performed automated gait analysis using the TreadScan system prior to injury and monthly until 4 months post‐treatment. A total of 90 parameters of locomotor and gait performance was measured by TreadScan and used to track motor behavioral recovery after injury and administration of 2.4 × 10^5^ AST‐OPC1 cells per rat, hereafter referred to as the AST‐OPC1 efficacy dose. Descriptions of the individual TreadScan parameters are shown in Supporting Information Table 1. To calculate an overall gait score and recovery rate for each animal, a first principal component analysis (PCA) was performed to summarize the 90 measures into a single value and plotted over time (Fig. [1](#sct312208-fig-0001){ref-type="fig"}A). Relative to uninjured (Sham) animals, animals subjected to cervical SCI exhibited a reduced gait score at 1 month irrespective of treatment. However, beginning at 2 months and increasing at 4 months, animals administered AST‐OPC1 exhibited an improving gait score more closely matched to that of the Sham group, whereas those treated with HBSS showed little recovery (*p* = .045, mixed linear effect model; Sham, *N* = 8; HBSS, *N* = 16, AST‐OPC1, *N* = 16). When compared to animals treated with vehicle, animals treated with AST‐OPC1 also exhibited improved performance in individual TreadScan measures; parameters that exhibited the greatest improvement in the AST‐OPC1 group relative to the vehicle group were average running speed, front right longitudinal deviation, and rear right stride frequency (Fig. [1](#sct312208-fig-0001){ref-type="fig"}B--[1](#sct312208-fig-0001){ref-type="fig"}D).

![AST‐OPC1 promotes motor behavioral recovery after cervical spinal cord injury (SCI). Animals were assessed for locomotor performance on the TreadScan system after sham surgery (laminectomy only) or cervical SCI and administration of vehicle (HBSS) or 2.4 × 10^5^ AST‐OPC1 cells. **(A)**: The first PCA of all 90 TreadScan parameters was used to determine an overall gait score for each animal, and treatment group means are plotted versus time. After the first month post‐treatment, animals treated with AST‐OPC1 exhibited improvements in their gait score more closely matched to the Sham group, while animals treated with HBSS alone exhibited minimal improvements (*p* = .045, mixed linear model). **(B--D)**: The top three individual TreadScan parameters indicating a significant improvement of AST‐OPC1 treatment relative to vehicle treatment, including: (B) average running speed; (C) average front right maximal longitudinal deviation, which measures the greatest distance of the front paw from midline on the injured right side; (D) average rear right stride frequency, which measures the number of strides per second for the rear paw on the injured side. Asterisks denote a significant difference between the AST‐OPC1 and HBSS treatment groups as determined by two‐tailed Student\'s *t* test (*p* \< .05). Error bars denote standard error of the mean (SEM). Sample sizes were as follows, Sham, *N* = 8; HBSS, *N* = 16; AST‐OPC1, *N* = 16. Abbreviations: HBSS, Hanks\' Balanced Salt Solution; PCA, principal component analysis.](SCT3-6-1917-g001){#sct312208-fig-0001}

At 4 months post‐injury/treatment, spinal cords were examined histologically to assess the injury site and extent of AST‐OPC1 engraftment. Compared to HBSS, AST‐OPC1 treatment resulted in a significant reduction in parenchymal cavitation at the injury site, with many AST‐OPC1‐treated animals showing little to no cavitation (Fig. [2](#sct312208-fig-0002){ref-type="fig"}A, [2](#sct312208-fig-0002){ref-type="fig"}B). Using ISH‐labeling of hALU, robust AST‐OPC1 engraftment was observed within and around the injury site (Fig. [2](#sct312208-fig-0002){ref-type="fig"}C, [2](#sct312208-fig-0002){ref-type="fig"}F), with comparable levels of engraftment observed in 16 of 16 assessed animals. In addition, while HBSS‐treated animals typically exhibited no myelinated axons within the injury site (often due to the presence of a large cavity), eriochrome cyanine‐labeled myelinated axons were observed within the injury site following AST‐OPC1 treatment (Fig. [2](#sct312208-fig-0002){ref-type="fig"}D, [2](#sct312208-fig-0002){ref-type="fig"}E, [2](#sct312208-fig-0002){ref-type="fig"}G, [2](#sct312208-fig-0002){ref-type="fig"}H). Quantification of maximal cavitation area within the lesion site indicated significant cavity reduction with AST‐OPC1 relative to HBSS treatment (Fig. [2](#sct312208-fig-0002){ref-type="fig"}I, *p* = .0069, Student\'s *t* test).

![AST‐OPC1 administration results in engraftment, reduced cavitation and increased myelination within the injury site at 4 months after cervical spinal cord injury. Representative photomicrographs of the cervical contusion injury site for rats treated with HBSS or 2.4 × 10^5^ AST‐OPC1cells. **(A, B)**: Spinal cord tissue sections from an HBSS‐ (A) or AST‐OPC1‐ (B) treated rat stained with H&E to show overall pathology of the lesion site. **(C)**: In situ hybridization‐based labeling of the injury/graft site of an AST‐OPC1‐treated rat using a hALU DNA repeat element probe shows the presence of surviving human cells (brown nuclear label, surrounding tissue counterstained with eosin). Black box indicates the region shown at higher magnification in panel **(F)**. **(D, E)**: Histological labeling of myelin by EC myelin (counterstained with eosin) within the injury/engraftment site and surrounding tissue in an HBSS‐ **(D)** or AST‐OPC1‐ **(E)** treated rat. Black boxes in (D) and (E) indicate the regions shown at higher magnification in panels **(G)** and **(H)**, respectively. Black arrows in (H) indicate EC myelin‐positive fibers within the lesion site of an AST‐OPC1‐treated rat. **(I)**: Dot plot of parenchymal cavitation area for HBSS‐ (red dots) and AST‐OPC1‐ (blue dots) treated rats 4 months post‐injury/treatment. Treatment group means are indicated by the central horizontal lines, and error bars denote SEM. Asterisks denotes significance of AST‐OPC1 treatment relative to HBSS by Student\'s *t* test (*p* =.0069). Sample sizes: HBSS, *N* = 16; AST‐OPC1, *N* = 16. Abbreviations: EC, eriochrome cyanine; H&E, hematoxylin and eosin; HBSS, Hanks' balanced salt solution; hALU, human ALU.](SCT3-6-1917-g002){#sct312208-fig-0002}

Biodistribution of AST‐OPC1 in the Nude Rat Cervical SCI Model {#sct312208-sec-0016}
--------------------------------------------------------------

Two biodistribution studies were conducted in nude rats subjected to cervical SCI and assessed the AST‐OPC1 efficacy dose (2.4 × 10^5^ cells per rat, see Figs. [1](#sct312208-fig-0001){ref-type="fig"}, [2](#sct312208-fig-0002){ref-type="fig"}) and the maximum feasible dose of AST‐OPC1 (2.4 × 10^6^ cells per rat, maximum based on volume constraints of the cervical spinal cord). Because prior thoracic SCI biodistribution studies confirmed the absence of AST‐OPC1 in peripheral tissues [10](#sct312208-bib-0010){ref-type="ref"}, the present analyses were limited to the CNS, cerebral spinal fluid (CSF), and blood. In one study, conducted in accordance with cGLP, animals were assessed clinically until 2 days (HBSS, *N* = 10; 2.4 × 10^5^ AST‐OPC1, *N* = 10; 2.4 × 10^6^ AST‐OPC1, *N* = 10), 3 months (HBSS, *N* = 10; 2.4 ×10^5^ AST‐OPC1, *N* = 13; 2.4 × 10^6^ AST‐OPC1, *N* = 18), 6 months (HBSS, *N* = 9; 2.4 × 10^5^ AST‐OPC1, *N* = 13; 2.4 × 10^6^ AST‐OPC1, *N* = 18), or 9 months (HBSS, *N* = 5; 2.4 × 10^5^ AST‐OPC1, *N* = 9; 2.4 × 10^6^ AST‐OPC1, *N* = 20) post‐treatment, followed by histological examination of the spinal cord and brain for surviving human cells by detection of hALU by ISH. In a second study, CNS tissues, CSF, and blood were collected at 2 days (HBSS, *N* = 10; 2.4 × 10^5^ AST‐OPC1, *N* = 10; 2.4 × 10^6^ AST‐OPC1, *N* = 10), 3 months (HBSS, *N* = 11; 2.4 × 10^5^ AST‐OPC1, *N* =11; 2.4 × 10^6^ AST‐OPC1, *N* = 11), or 6 months (HBSS, *N* = 11; 2.4 × 10^5^ AST‐OPC1, *N* = 11; 2.4 × 10^6^ AST‐OPC1, *N* = 11) post‐treatment and quantitatively assessed for hALU by PCR. AST‐OPC1 biodistribution was assessed during the subacute phase post‐SCI (9 days, 2 days post‐transplant) defined by ongoing tissue remodeling and increased blood‐spinal cord barrier permeability at the injury site, and during the chronic phase post‐SCI (3, 6, 9 months) when tissue remodeling typically is resolved and the blood‐spinal cord barrier integrity has re‐established [24](#sct312208-bib-0024){ref-type="ref"}, [25](#sct312208-bib-0025){ref-type="ref"}, [26](#sct312208-bib-0026){ref-type="ref"}.

Histological examination of AST‐OPC1 biodistribution indicated a similar engraftment and migration profile as seen previously for thoracic SCI [10](#sct312208-bib-0010){ref-type="ref"}. Visualization of surviving AST‐OPC1 cells by ISH indicated robust survival at all time points in 111 of 112 assessed animals, with the highest density of surviving cells present in the cervical spinal cord within and around the injury site (Fig. [3](#sct312208-fig-0003){ref-type="fig"}A, central panels). At 9 months, AST‐OPC1 migration extended approximately 5 cm rostrally/caudally along the spinal cord. When the maximum feasible dose of AST‐OPC1 was administered (2.4 × 10^6^ cells per rat), AST‐OPC1 cells were detected rostrally as far as the pyramidal tract in the pons, caudal of the pontine nucleus (Fig. [3](#sct312208-fig-0003){ref-type="fig"}A, right panels) and at a maximum caudal location of levels T1‐T2 of the thoracic spinal cord (Fig. [3](#sct312208-fig-0003){ref-type="fig"}A, left panels). In contrast, administration of the efficacy dose of AST‐OPC1 (2.4 × 10^5^ cells per rat) resulted in migration that was restricted to the cervical spinal cord. Besides the small number of cells observed in the brainstem/pons, no AST‐OPC1 cells were detected in any other brain regions.

![AST‐OPC1 administration into the injured cervical spinal cord results in biodistribution that is limited to the spinal cord and brainstem. **(A)**: Representative photomicrographs from rats treated with high dose AST‐OPC1 and assessed histologically at 9 months post‐treatment. The top panels in Figure 3A show representative H&E staining, and the bottom panels of Figure 3A show representative hALU staining of the most caudal distribution of cells positive for hALU (T1‐T2 thoracic spinal cord, left panels), the highest density of hALU positive cells observed within the cervical injury/AST‐OPC1 transplant site (middle panels), and the most rostral distribution of hALU positive cells (brainstem, caudal to pontine nucleus, right panels) observed with high dose AST‐OPC1 treatment. **(B)**: Schematic of rat spinal cord and brain indicating regions of representative photomicrographs shown in (A) and aligned with biodistribution dot plot shown in **(C)**. The cervical injury/AST‐OPC1 transplant site is indicated (tx, black arrow). (C): Dot plot of AST‐OPC1 biodistribution at 6 months post‐administration into the injured cervical spinal cord as determined by quantitative real‐time PCR for hALU. Consistent with the histology shown in (A), quantitation of hALU by PCR indicated the highest density of human cells in the cervical spinal cord, and the most rostral and caudal migration of human cells extending to the brainstem and thoracic spinal cord (high dose AST‐OPC1 only), respectively. Abbreviations: CSF, cerebral spinal fluid; H, high dose AST‐OPC1 (2.4 × 10^6^ cells per rat); hALU, human ALU; H&E, hematoxylin and eosin; L, low dose AST‐OPC1 (2.4 × 10^5^ cells per rat); V, vehicle.](SCT3-6-1917-g003){#sct312208-fig-0003}

Quantification of hALU by PCR indicated a similar AST‐OPC1 engraftment and migration profile as was observed histologically. At all assessed time points and in 62 of 64 assessed animals, the highest hALU levels were detected in the cervical spinal cord at the site of injury and AST‐OPC1 administration. At 2 days post‐treatment, AST‐OPC1 cells were predominantly restricted to the cervical spinal cord, while some animals treated with high dose AST‐OPC1 also exhibited low levels of human cells in the thoracic spinal cord and brainstem/pons (Supporting Information Fig. 1A). At 3 and 6 months post‐treatment, the same rostral/caudal distribution was observed but with higher levels of hALU detected at these later time points, (Supporting Information Fig. 1B; Fig. 3C), further suggesting that the engrafted cells underwent a proliferative phase prior to 6 months. Consistent with prior studies [10](#sct312208-bib-0010){ref-type="ref"}, levels of hALU in blood and CSF remained below, and in a few cases right at, the lower limit of quantitation of the assay, indicating that little to no AST‐OPC1 migration occurred outside the CNS parenchyma.

Toxicology of AST‐OPC1 in the Nude Rat Cervical SCI Model {#sct312208-sec-0017}
---------------------------------------------------------

To further assess the safety of AST‐OPC1 treatment in cervical SCI, we conducted two cGLP toxicology studies designed to identify any toxicities associated with AST‐OPC1 and with respect to (a) direct administration into the injured cervical spinal cord, (b) impact on organ function, (c) potential for induction of allodynia, and (d) capacity for tumor or ectopic tissue formation. Using the same injury and transplant parameters as the above biodistribution studies, adult female nude rats were then examined clinically for 9 months post‐treatment, followed by a full necropsy and histological examination of spinal cord and brain by an independent board‐certified veterinary pathologist. A complete list of the in‐life and post‐mortem endpoints is shown in Supporting Information Table 2. Across the two studies, three different lots of clinical grade AST‐OPC1 (manufactured by current Good Manufacturing Practices, cGMP) were assessed relative to injured rats treated with HBSS (*N* = 31), with one AST‐OPC1 lot tested at both the efficacy dose (2.4 × 10^5^ cells per rat, *N* = 50) and the maximum feasible dose (2.4 × 10^6^ cells per rat, *N* = 58) and two lots tested at the maximum feasible dose only (AST‐OPC1 Lot A, *N* = 62, AST‐OPC1 Lot B, *N* = 67).

Based on the in‐life clinical observations from both toxicology studies, no adverse side effects were associated with AST‐OPC1 administration up to 9 months post‐treatment. No significant differences were observed in body weights or any of the clinical assessments, including behavioral activity, excretion, external appearance, or skin conditions. Chronic neuropathic pain is a debilitating condition that occurs in approximately half of all SCI patients [27](#sct312208-bib-0027){ref-type="ref"}. To identify any long‐term changes in pain signaling potentially associated with AST‐OPC1, animals were assessed for allodynia at 4 and 8 months post‐SCI. Consistent with preclinical safety testing of AST‐OPC1 in thoracic SCI [10](#sct312208-bib-0010){ref-type="ref"}, no differences were observed between AST‐OPC1‐ and vehicle‐treated animals in response to non‐noxious thermal stimuli (Supporting Information Fig. 2).

Mortality rates were similar across treatment groups, with 21 of 31 vehicle‐treated animals (68%) and 188 of 237 total AST‐OPC1‐treated animals (79%) surviving until the 9 month termination time point. Most commonly, mortality in all groups was a result of septicemia/inflammation or urogenital dysfunction, likely reflecting both the immunocompromised state of the animals and the expected pathophysiology after cervical SCI. Prior to the scheduled necropsy, clinical pathology evaluations were conducted on all animals and indicated no significant differences between the vehicle and AST‐OPC1 treatment groups (see Supporting Information Table 2 for list of pathology measures).

Following terminal necropsy, histological examination of spinal cord and brain tissues was conducted to identify any microscopic changes within the CNS, including any potential teratoma or ectopic tissue formation associated with AST‐OPC1. At 9 months post‐treatment, large areas of cavitation and myelin loss were observed in HBSS‐treated animals (Fig. [4](#sct312208-fig-0004){ref-type="fig"}A). In contrast, the injury site of AST‐OPC1‐treated animals typically remained intact and contained myelinated axons (Fig. [4](#sct312208-fig-0004){ref-type="fig"}B, [4](#sct312208-fig-0004){ref-type="fig"}C). In addition, large numbers of surviving AST‐OPC1 cells were observed within the injury site at 9 months (Fig. [4](#sct312208-fig-0004){ref-type="fig"}D, [4](#sct312208-fig-0004){ref-type="fig"}F), with few cells exhibiting positive labeling with the proliferation marker Ki67 (Fig. [4](#sct312208-fig-0004){ref-type="fig"}E, [4](#sct312208-fig-0004){ref-type="fig"}G). Across both toxicology studies, AST‐OPC1 engraftment in the cervical spinal cord was confirmed in 235 of 237 (99%) rats that were treated with AST‐OPC1 and assessed for hALU labeling by ISH. Further, quantification of the maximal lesion area indicated a reduction in lesion area was associated with AST‐OPC1, with most AST‐OPC1‐treated animals exhibiting no cavitation at the injury site (Fig. [4](#sct312208-fig-0004){ref-type="fig"}H).

![Safety/toxicological findings associated with AST‐OPC1 administration after cervical SCI. **(A--C)**: Representative photomicrographs of the cervical spinal cord injury site in HBSS (A) and AST‐OPC1 (B, C) treated rats at 9 months post‐treatment and stained with EC and eosin. The black box in (B) indicates the region depicted at higher magnification in panel (C) in which black arrows indicate examples of EC‐labeled myelinated axons. **(D--G)**: in situ hybridization ‐ or immunohistochemistry‐based labeling with hALU (D, F) or Ki67 (E, G) of the injury/graft site of an AST‐OPC1‐treated rat within the same region that myelinated host axons were observed. Black boxes in (D, E) indicate the magnified regions in (F, G). Black arrows in (G) indicate representative cells with positive Ki67 labeling. **(H)**: Dot plot of parenchymal cavitation area for rats treated with HBSS (red dots) or AST‐OPC1 (blue dots). **(I--L)**: A non‐human‐derived epithelial‐like cystic structure observed within the injury site of an AST‐OPC1‐treated rat stained with H&E (I, J) and confirmed to be of non‐human origin given an absence of labeling with hALU (K). Cells positive for hALU are visible within the adjacent graft tissue but are not associated with the ectopic structure (L). **(M--T)**: A human‐derived epithelial‐like cystic structure (M--P) and cartilage structure (Q--T) within the injury site of two different AST‐OPC1‐treated rats. Both ectopic structures were stained with H&E (M, N, Q, R), confirmed to be of human origin by positive labeling with hALU (O, S), and exhibiting minimal labeling with Ki67 (P, T). Black arrows in (P) indicate cells with positive labeling for Ki67. Abbreviations: EC, eriochrome cyanine; H&E, hematoxylin and eosin; HBSS, Hanks' balanced salt solution; hALU, human ALU.](SCT3-6-1917-g004){#sct312208-fig-0004}

To identify any microscopic pathologies associated with AST‐OPC1 in the CNS, spinal cord and brain tissue sections were examined by an independent board certified veterinary pathologist. For these analyses, over 50 tissue sections were examined for each animal that included the entire length of the spinal cord and 5 levels of the brain (medulla/pons, cerebellum, midbrain, forebrain and olfactory bulb). A teratoma was defined as an expansile proliferation or mass containing cells derived from at least two different germs layers (endodermal, mesodermal, or ectodermal). Out of 31 HBSS‐treated animals and 237 AST‐OPC1‐treated animals, no teratomas or mineralization were observed in the spinal cord or brain of any animal, consistent with prior safety testing of AST‐OPC1 in thoracic SCI [10](#sct312208-bib-0010){ref-type="ref"}.

Previously, a low frequency of microscopic ectopic tissue formation within the injury/graft site was observed during preclinical testing of AST‐OPC1 in thoracic SCI [10](#sct312208-bib-0010){ref-type="ref"}, and thus also was assessed in the cervical toxicology studies. Similar to the findings in thoracic SCI, a low frequency of microscopic ectopic tissue formation was observed in both cervical toxicology studies and in both HBSS‐ and AST‐OPC1‐treated animals. For each identified ectopic structure, the presence of hALU was assessed by ISH, and ectopic structures found to contain human cells were assessed for Ki67 positivity by IHC.

Rat‐derived ectopic structures (negative for hALU) were identified in a subset of HBSS‐ and AST‐OPC1‐treated rats and were observed within the cervical and thoracic spinal cord. One such ectopic structure was identified as an epithelial‐like cyst (Fig. [4](#sct312208-fig-0004){ref-type="fig"}I, [4](#sct312208-fig-0004){ref-type="fig"}J) of rat origin based on negative labeling for hALU (Fig. [4](#sct312208-fig-0004){ref-type="fig"}K), adjacent to the injury/graft site of an AST‐OPC1‐treated rat (hALU positive cells within the nearby graft are shown in Fig. [4](#sct312208-fig-0004){ref-type="fig"}L). The remaining rat‐derived structures were identified as keratin cysts and similarly were confirmed to be of rat origin based on negative labeling for hALU (Supporting Information Fig. 3). Rat‐derived structures were observed at similar frequencies in vehicle and AST‐OPC1‐treated rats (vehicle: 3%, 1/31; AST‐OPC1: 3%, 6/237).

Human‐derived ectopic structures (identified as hALU positive) were identified in a subset of AST‐OPC1‐treated animals either within or immediately adjacent to the injury/graft site. Human‐derived ectopic structures were either epithelial‐like cysts, similar to the rat ectopic structure described above, or cartilage (Fig. [4](#sct312208-fig-0004){ref-type="fig"}M--[4](#sct312208-fig-0004){ref-type="fig"}T). Both types of human‐derived ectopic structures contained very few proliferative cells based on minimal labeling with Ki67 (Fig. [4](#sct312208-fig-0004){ref-type="fig"}P, [4](#sct312208-fig-0004){ref-type="fig"}T), and typically were smaller than rat‐derived ectopic structures based on measurements of their long axis diameter (Supporting Information Table 3). Further, while a single epithelial‐like cyst was observed in one low dose and one high dose AST‐OPC1‐treated rat, cartilage was only observed in subjects treated with high dose AST‐OPC1 (2.4 × 10^6^ cells per rat). The overall frequencies of rat and human ectopic tissue formation was similar (rat‐derived structures = 2.6%, 7 of 268 HBSS‐ and AST‐OPC1‐treated rats; human‐derived structures = 4.6%, 11 of 237 AST‐OPC1‐treated rats). With respect to the safety parameters assessed in this study (Supporting Information Table 2) and over the course of the 9 month observation period, no adverse clinical signs were associated with any of the observed ectopic structures, regardless of the species of origin. A summary of the ectopic tissue formation identified in the toxicology studies is shown in Table [1](#sct312208-tbl-0001){ref-type="table"}. A summary of all the in vivo studies, including their design, endpoints and key findings is shown in Table [2](#sct312208-tbl-0002){ref-type="table"}.

###### 

Summary of ectopic tissues observed in AST‐OPC1 preclinical toxicology studies in cervical SCI

  Species origin[a](#sct312208-note-0002){ref-type="fn"}   Tissue type       Frequency[b](#sct312208-note-0003){ref-type="fn"}   Avg. max. diameter (µm)[c](#sct312208-note-0004){ref-type="fn"}   Rel. amount of Ki67+ cells[d](#sct312208-note-0005){ref-type="fn"}
  -------------------------------------------------------- ----------------- --------------------------------------------------- ----------------------------------------------------------------- --------------------------------------------------------------------
  Rat                                                      Keratin cyst      2% (6/268)                                          788                                                               Minimal
  Rat                                                      Epithelial cyst   0.4% (1/268)                                        942                                                               Minimal
  Human                                                    Epithelial cyst   0.8% (2/237)                                        384                                                               Minimal
  Human                                                    Cartilage         3% (8/237)                                          293                                                               Minimal

Species of origin was determined based on labeling with human Alu DNA repeat sequence probe (hALU) by in situ hybridization. Ectopic structures that were positive for hALU were determined to be of human origin, whereas ectopic structures that were negative for hALU were determined to be of non‐human origin (i.e., rat).

Frequency was calculated as the number of animals exhibiting each origin/type of ectopic structure out of the total number of assessed animals. Vehicle‐treated animals were excluded when calculating the frequency of human origin ectopic structures.

Average maximum diameter was calculated as the mean long axis diameter for all observed ectopic structures of a given origin/type.

Relative amount of Ki67‐positive cells was scored as minimal if fewer than five labeled cells were detected within a single stained tissue section.

###### 

Summary of AST‐OPC1 preclinical studies in cervical SCI

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study type, cGLP/non‐cGLP       Species, model and delivery route           Study duration           Treatment groups (*n*)    No. of AST‐OPC1 lots   Study endpoints                                                                                   Key findings
  ------------------------------- ------------------------------------------- ------------------------ ------------------------- ---------------------- ------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Efficacy Study, non‐cGLP        Adult athymic nude rat, cervical SCI, ISC   4 months                 Sham (8)\                 1                      • Functional recovery using TreadScan system\                                                     • AST‐OPC1 enhanced recovery of locomotor performance after cervical SCI relative to Vehicle\
                                                                                                       Vehicle (16)\                                    • Histological analyses of spinal cord                                                            • AST‐OPC1 cells persisted at the injury site and reduced parenchymal cavitation at 4 months
                                                                                                       AST‐OPC1, L (16)                                                                                                                                   

  Biodistribution Study 1, cGLP   Adult athymic nude rat, cervical SCI, ISC   2 days, 3, 6, 9 months   [2 days]{.ul}\            2                      • Mortality/morbidity\                                                                            • No significant differences in any in‐life endpoints\
                                                                                                       V (10), L (10), H (10)\                          • Clinical observations\                                                                          • Human cells detected in cervical spinal cord at all time points in 111 of 112 rats\
                                                                                                       [3 months]{.ul}\                                 • Histological examination of spinal cord and brain, including detection of human cells by hALU   • Most rostral AST‐OPC1 migration observed in brainstem, caudal to pontine nucleus\
                                                                                                       V (10), L (13), H (18)\                                                                                                                            • Most caudal AST‐OPC1 migration observed in thoracic spinal cord at T1‐T2 (high dose only)
                                                                                                       [6 months]{.ul}\                                                                                                                                   
                                                                                                       V (9), L (13), H (19)\                                                                                                                             
                                                                                                       [9 months]{.ul}\                                                                                                                                   
                                                                                                       V (5), L (9), H (20)                                                                                                                               

  Biodistribution Study 2, cGLP   Adult athymic nude rat, cervical SCI, ISC   2 days, 3, 6 months      [2 days]{.ul}\            1                      • Quantitation of hALU in spinal cord, brain, CSF, and blood by real‐time PCR                     • AST‐OPC1 engraftment frequency and migration profile consistent with Biodistribution Study 1\
                                                                                                       V (10), L (10), H (10)\                                                                                                                            • Increasing numbers of human cells detected in cervical spinal cord at later time points\
                                                                                                       [3 months]{.ul}\                                                                                                                                   • Little or no (below quantifiable levels) of hALU detected in other brain regions, CSF, and blood
                                                                                                       V (11), L (11), H (11)\                                                                                                                            
                                                                                                       [6 months]{.ul}\                                                                                                                                   
                                                                                                       V (11), L (11), H (11)                                                                                                                             

  Toxicology Study 1, cGLP        Adult athymic nude rat, cervical SCI, ISC   9 months                 Vehicle (19)\             1                      • Mortality/morbidity\                                                                            • No AST‐OPC1‐related effects on in‐life or clinical pathology assessments\
                                                                                                       AST‐OPC1, L (50)\                                • Clinical observations\                                                                          • AST‐OPC1 engraftment observed in \>98% of rats at 9 months post‐transplant\
                                                                                                       AST‐OPC1, H (58)                                 • Allodynia\                                                                                      • No tumor or teratoma formation observed\
                                                                                                                                                        • Clinical pathology (organ weights, hematology & clinical chemistries)\                          • Very low freq. of asymptomatic human and non‐human (rat) ectopic tissue formation observed within injury/graft site (1 human epithelial‐like cyst)\
                                                                                                                                                        • Histological examination of spinal cord and brain                                               • Little to no proliferative capacity (Ki67 positivity) observed within AST‐OPC1 graft and ectopic structures

  Toxicology, Study 2, non‐cGLP   Adult athymic nude rat, cervical SCI, ISC   9 months                 Vehicle (12)\             2                      • Same endpoints as Toxicology Study 1, except no allodynia testing performed                     • Same findings as Tox. Study 1, except low freq. of human ectopic tissue formation also included microscopic cartilaginous structures that were asymptomatic and non‐proliferative at 9 months
                                                                                                       AST‐OPC1 Lot A, H (62)\                                                                                                                            
                                                                                                       AST‐OPC1 Lot B, L, (67)                                                                                                                            
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: cGLP, current good laboratory practices; CSF, cerebral spinal fluid; hALU, human Alu DNA repeat sequence probe; H, high dose AST‐OPC1 (2.4 × 10^6^ cells per rat); ISC, intraspinal cord; L, low dose AST‐OPC1 (2.4 × 10^5^ cells per rat); V, vehicle.

Discussion {#sct312208-sec-0018}
==========

To advance the clinical testing of AST‐OPC1 from thoracic to cervical SCI, a series of preclinical efficacy and safety studies were conducted and submitted to the U.S. FDA as part of an IND amendment for AST‐OPC1. Findings from these studies expand the overall efficacy and safety profile associated with AST‐OPC1 and suggest the type of preclinical testing that should be considered for candidate cell therapies in development for SCI and other forms of CNS injury and disease.

Previously, efficacy of AST‐OPC1 was demonstrated in rat models of thoracic SCI and cervical SCI, where motor behavioral recovery was measured using the Basso, Beattie, Bresnahan Locomotor Rating Scale, and three or four‐parameter kinematic analyses [11](#sct312208-bib-0011){ref-type="ref"}, [12](#sct312208-bib-0012){ref-type="ref"}, [28](#sct312208-bib-0028){ref-type="ref"}. The results presented here independently confirmed the efficacy of AST‐OPC1 in a different rat model of cervical SCI (unilateral contusion in nude rats as opposed to prior testing with bilateral midline contusion in Sprague Dawley rats) and were based on automated analysis of 90 distinct gait parameters using the TreadScan system. By combining all 90 gait parameters in a PCA, we obtained an unbiased readout of overall gait performance, which was then used to identify individual gait parameters, such as running speed and longitudinal deviation of the ipsilateral forelimb that exhibited the greatest AST‐OPC1‐associated improvements. While prior observations of AST‐OPC1 efficacy were followed for 2 months post‐treatment [12](#sct312208-bib-0012){ref-type="ref"}, our findings extend the AST‐OPC1 associated improvements up to 4 months post‐treatment. In addition, it is important to note that while AST‐OPC1‐associated improvements resulted in an intermediate level of locomotor performance when compared to uninjured (sham) animals, the specific improvements in forelimb motor function are encouraging given that even partial restoration of arm and hand function can have a big impact on the quality of life of cervical SCI patients [5](#sct312208-bib-0005){ref-type="ref"}.

While the potential safety concerns associated with advancing AST‐OPC1 treatment from thoracic to cervical SCI were largely the same, one remaining question was whether delivery of AST‐OPC1 into the cervical spinal cord could increase the likelihood of transplanted cells migrating into the brain. To address this, we conducted large scale biodistribution studies in nude rats with cervical SCI and tracked AST‐OPC1 migration visually by histology and quantitatively by real‐time PCR. Both of these approaches indicated that AST‐OPC1 cells could reach the rat brainstem when delivered at a maximum feasible dose (2.4 × 10^6^ cells per rat), with a small number of these cells also migrating as rostral as the medulla/pons. In contrast, when a lower dose of AST‐OPC1 (2.4 × 10^5^ cells per rat) was administered, rostral migration was limited to the high cervical spinal cord. Importantly, this lower AST‐OPC1 dose is proportional to the highest proposed clinical doses of AST‐OPC1 (1 × 10^7^ to 2 × 10^7^ cells per patient) based on 50× volumetric scaling of the rat and human spinal cord [29](#sct312208-bib-0029){ref-type="ref"}. Further, given an observed parenchymal migration of approximately 3 cm, AST‐OPC1 cells administered into the human cervical spinal cord would be expected to extend a maximum of 2 segments from the graft site, based on an average cervical segment length of approximately 1.5 cm [30](#sct312208-bib-0030){ref-type="ref"} Given the substantially longer distance required to migrate through the human spinal cord, and that the administration procedure did not cause cell dissemination into the CSF or blood, it is not expected that AST‐OPC1 migration would reach the human brain.

As an embryonic stem cell‐derived product, possibly the greatest theoretical concern associated with AST‐OPC1 is its potential to form teratomas, tumors, or expansive ectopic structures that might result from residual undifferentiated cells or other progenitor cells present in the transplanted population. Similar to the safety testing conducted for thoracic SCI, identification of such structures was a key endpoint of the cervical toxicology studies, which were thus designed to test a large number of animals receiving up to the maximum feasible dose of AST‐OPC1 and assessed up to 9 months post‐transplant. Based on the combined results of the thoracic [10](#sct312208-bib-0010){ref-type="ref"} and cervical toxicology studies, a total of 489 nude rats received a direct injection of AST‐OPC1 into the injured spinal cord, and cumulatively, approximately 9.6x10^8^ AST‐OPC1 cells were assessed for safety in these toxicology studies. Across all these studies, no animals were found to develop teratomas or tumors following AST‐OPC1 treatment.

Consistent with the thoracic safety studies that supported initiation of the AST‐OPC1 thoracic SCI clinical trial [10](#sct312208-bib-0010){ref-type="ref"}, rare occurrences of asymptomatic epithelial‐like cystic structures were observed in the cervical toxicology studies reported here. Of note, these findings also included detection of endogenous non‐human cystic structures in AST‐OPC1‐ and vehicle‐treated rats, suggesting that similar ectopic tissue formation may be a natural, albeit infrequent, component of this injury model, potentially as a result of post‐injury tissue remodeling and similar to what is seen in human SCI [3](#sct312208-bib-0003){ref-type="ref"}. In 2 out of 267 AST‐OPC1‐treated rats, formation of a single human‐derived epithelial‐like cystic structure was observed within the injury/graft site. Importantly, these findings contrast a 2008 preclinical study conducted by Geron Corporation that detected human‐derived epithelial‐like cysts at a much higher frequency and resulted in a clinical hold. To address this, Geron conducted additional preclinical studies that identified the contaminating epithelial progenitor cell as well as associated epithelial cell markers that could be used to detect this type of cellular impurity in AST‐OPC1. Upon demonstrating that additional candidate clinical lots of AST‐OPC1 contained minimal levels of contaminating epithelial cells and exhibited minimal capacity for ectopic cyst formation in vivo [10](#sct312208-bib-0010){ref-type="ref"}, the clinical hold was removed, and in 2010, the thoracic trial was initiated.

For the cervical toxicology studies reported here, ectopic structures associated with AST‐OPC1 also included rare instances of ectopic cartilage formation, observed with the maximum feasible AST‐OPC1 dose only. In the case of the maximum feasible dose (2.4 × 10^6^ cells per rat), administration of this high cell number into a constrained space (i.e., spinal cord parenchyma) may have resulted in cell compaction, a known step in the process of chondrogenesis [31](#sct312208-bib-0031){ref-type="ref"}. To minimize the possibility of this during clinical testing, the highest planned clinical dose of AST‐OPC1 at 2 × 10^7^ per patient is approximately 6× lower and will use a 12× lower injection volume than the maximum feasible dose used in these preclinical studies (based on a 50× volumetric conversion factor [29](#sct312208-bib-0029){ref-type="ref"}). Nonetheless, identification and elimination of ectopic tissue‐forming cells remains a critical focus for the continued development of AST‐OPC1 and other stem cell or progenitor‐based cell therapies. Detection of cartilaginous ectopic structures suggests that low levels of mesenchymal progenitors [32](#sct312208-bib-0032){ref-type="ref"}, or epithelial progenitors able to undergo epithelial to mesenchymal transition [33](#sct312208-bib-0033){ref-type="ref"} may arise during the AST‐OPC1 differentiation process (with the latter cell type potentially explaining both types of observed ectopic tissue) and, therefore, require appropriate screening assays and depletion methods to detect and eliminate these cells.

A major challenge for screening assays is the need to detect ectopic tissue‐forming cells at an extremely low frequency, well beyond the capacity of conventional marker screening. In the case of AST‐OPC1, ectopic structures remained small with little to no proliferative capacity after 9 months, suggesting that each structure could represent a clonal or near clonal event. Based on this hypothesis, the frequency of cartilage‐forming cells in AST‐OPC1 is approximately 1/5.6 × 10^7^ or 0.000018% (calculation based on maximum feasible dose transplants only). While advancements in single cell profiling may ultimately allow reliable detection at such a low frequency, recent efforts at Asterias have instead focused on the development of in vitro model systems that can amplify and detect the rare ectopic tissue‐forming cells. By using these impurity bioassays, in conjunction with modifications to the AST‐OPC1 production process that further restricts cells to the neural/glial lineage, it is expected that even the low level capacity of ectopic tissue formation will be eliminated from this cell therapy product. A manuscript describing such impurity bioassays and modifications to the AST‐OPC1 production process is currently in preparation.

While some inherent risks remain for stem cell‐based therapies such as AST‐OPC1, these concerns must be weighed against the potential therapeutic benefit. In the case of AST‐OPC1, significant improvements in motor behavioral recovery have been observed in thoracic SCI models [11](#sct312208-bib-0011){ref-type="ref"} and in cervical SCI models by independent labs (this manuscript and [12](#sct312208-bib-0012){ref-type="ref"}), and prior studies have indicated multiple mechanisms potentially contribute to AST‐OPC1\'s therapeutic activity, including robust engraftment and migration within the spinal cord, suppression of parenchymal cavitation, secretion of trophic factors [9](#sct312208-bib-0009){ref-type="ref"}, support of myelinated axons within the injury site, and maturation into myelin producing oligodendrocytes [6](#sct312208-bib-0006){ref-type="ref"}, [10](#sct312208-bib-0010){ref-type="ref"}. These in vivo actions have been linked to other stem cell‐based therapies in development for SCI, including neural stem cells (NSCs, [34](#sct312208-bib-0034){ref-type="ref"}, [35](#sct312208-bib-0035){ref-type="ref"}, [36](#sct312208-bib-0036){ref-type="ref"}, [37](#sct312208-bib-0037){ref-type="ref"}), mesenchymal stem cells (MSCs, [38](#sct312208-bib-0038){ref-type="ref"}, [39](#sct312208-bib-0039){ref-type="ref"}), and other OPCs [40](#sct312208-bib-0040){ref-type="ref"}, [41](#sct312208-bib-0041){ref-type="ref"}, [42](#sct312208-bib-0042){ref-type="ref"}, [43](#sct312208-bib-0043){ref-type="ref"}, [44](#sct312208-bib-0044){ref-type="ref"}; however, only a few of these approaches have advanced to the clinic. Of the other clinical stage stem cell‐based therapies for SCI, autologous MSCs have been tested in five trials [45](#sct312208-bib-0045){ref-type="ref"}, two preparations of fetal‐derived NSCs have been tested [46](#sct312208-bib-0046){ref-type="ref"}, [47](#sct312208-bib-0047){ref-type="ref"}, and AST‐OPC1 remains the only OPC‐based approach tested to date. Because AST‐OPC1 has the capacity to act via all of the above therapeutic mechanisms and exhibited an acceptable preclinical safety profile, it is potentially well suited to address the complex milieu of cellular events that give rise to tissue damage and impairment after SCI.

Going forward, there are remaining questions about AST‐OPC1\'s therapeutic activity that will need to be addressed to help guide clinical development, including whether AST‐OPC1 can impact recruitment or maturation of endogenous OPCS, whether there are differences in the short‐ versus long‐term effects on the host microenvironment following AST‐OPC1 treatment, and perhaps most importantly, which of these and the previously published actions of AST‐OPC1 drive the observed improvements in motor behavior recovery. In addition, it will be important for future studies to incorporate electrophysiological monitoring to determine if the improvements in motor behavior recovery are correlated with any changes in host neuronal function. A deeper understanding of how these different mechanisms relate to AST‐OPC1\'s therapeutic activity may ultimately reveal mechanistic endpoints to monitor in future clinical trials and can help guide development of candidate potency assays for AST‐OPC1 and other cell therapies. In future studies, it also will be important to compare AST‐OPC1 to other candidate cell therapies and additional transplant controls, such as heat‐killed cells, to better understand the extent to which the engrafted AST‐OPC1 cells can directly influence their host environment and whether multiple cell types improve injury outcome via distinct or common pathways.

Disclosure of preclinical efficacy and safety studies for candidate cell therapy products is important because such studies can inform the design of clinical testing and help guide preclinical development of future cell therapy products. For AST‐OPC1, the results presented here guided subsequent clinical testing in multiple ways. First, the highest planned clinical dose of AST‐OPC1 (2 × 10^7^ cells/patient) and clinical administration method (direct intraspinal administration) were designed to match the preclinical dosing strategy (2.4 × 10^5^ cells per rat, intraspinal) that was both efficacious and exhibited a favorable safety profile with no migration into the brain or formation of ectopic cartilage. Second, the decision to target the sub‐acute phase of cervical SCI in the clinical trial was supported by AST‐OPC1 administration at 1 week post‐injury in rats. While it is difficult to understand the precise temporal relationship for SCI progression in rodents versus humans, studies have indicated potential links between the plateau in spontaneous recovery, resolution of cavitation and glial scar formation within the injury site, and transition from the subacute to chronic phase post‐SCI [22](#sct312208-bib-0022){ref-type="ref"}, [26](#sct312208-bib-0026){ref-type="ref"}, [48](#sct312208-bib-0048){ref-type="ref"}. In the case of rats, spontaneous recovery and cavitation/glial scar formation typically resolves within 4 weeks post--SCI [22](#sct312208-bib-0022){ref-type="ref"}, [24](#sct312208-bib-0024){ref-type="ref"}, [25](#sct312208-bib-0025){ref-type="ref"}, [26](#sct312208-bib-0026){ref-type="ref"}, whereas these processes may persist for 4--6 months in patients with sensorimotor complete cervical SCI [48](#sct312208-bib-0048){ref-type="ref"}. Conservatively equating 1 week post‐injury in rats to 1 month in humans, the initial design of the cervical clinical trial included a dosing window of up to 30 days post‐injury.

Similarly, findings from the preclinical biodistribution and toxicology studies informed decisions regarding post‐treatment monitoring of enrolled patients. For example, the confirmed absence of AST‐OPC1 cells in CSF or blood indicated that safety monitoring should be focused on the CNS. Second the ability of AST‐OPC1 to suppress parenchymal cavitation supported continued monitoring of the patients\' injury site by MRI. Going forward, future cell therapies must consider what degree of preclinical efficacy and safety testing is needed prior to clinical translation. Similar to AST‐OPC1, stem cell‐based therapies must include large scale biodistribution and toxicology studies to determine if parameters such as cell migration, proliferation, tumor formation, or differentiation into unintended cell types pose any significant safety concerns, and alternatively, whether any potentially beneficial physiological or anatomical changes associated with the treatment might allow for non‐invasive monitoring during clinical testing.

Collectively, results of the studies presented here in conjunction with prior publications supported initiation of a phase I/IIa dose escalation clinical trial testing AST‐OPC1 in patients with cervical SCI. The initial trial design included treatment of up to 13 patients with AST‐OPC1 doses ranging from 2 to 20 million cells (3--5 patients per dose cohort) and has since been expanded to include treatment of up to 35 patients with sub‐acute, C5 to C7, motor complete (AIS‐A or AIS‐B) cervical SCI. Long‐term safety and efficacy monitoring will be conducted up to 15 years.

Conclusion {#sct312208-sec-0019}
==========

To support the clinical use of the OPC therapy, AST‐OPC1, for cervical SCI, we report the results of a series of preclinical efficacy and safety studies. Nude rats subjected to cervical SCI and treated with AST‐OPC1 exhibited enhanced motor behavioral recovery as measured by improvements in locomotor performance relative to vehicle controls using the automated TreadScan system. Enhanced motor behavioral recovery was observed up to 4 months post‐treatment and was associated with robust AST‐OPC1 engraftment, migration into the lesion site, and suppression of parenchymal cavitation. AST‐OPC1 biodistribution following direct administration into the injured cervical spinal cord was limited to the spinal cord and lower brainstem, while remaining minimal or absent from the CSF and blood. No significant toxicities were associated with AST‐OPC1 treatment after cervical SCI, including no impacts on mortality, morbidity, development of allodynia, and no detected instances of teratoma or tumor formation. These results supported initiation of a phase I/IIa clinical trial in the U.S. for patients with sensorimotor complete cervical SCI and provide an example of the extent of preclinical testing that should be considered for similar cell therapy products in development for CNS injury and disease.
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